Recently it was shown that dark matter with mass of order the weak scale can be charged under a new long-range force, decoupled from the Standard Model, with only weak constraints from early Universe cosmology. Here we consider the implications of an additional charged particle C that is light enough to lead to significant dissipative dynamics on galactic times scales. We highlight several novel features of this model, which can be relevant even when the C particle constitutes only a small fraction of the number density (and energy density). We assume a small asymmetric abundance of the C particle whose charge is compensated by a heavy X particle so that the relic abundance of dark matter consists mostly of symmetric X andX, with a small asymmetric component made up of X and C. As the universe cools, it undergoes asymmetric recombination binding the free Cs into (XC) dark atoms efficiently. Even with a tiny asymmetric component, the presence of C particles catalyzes tight coupling between the heavy dark matter X and the dark photon plasma that can lead to a significant suppression of the matter power spectrum on small scales and lead to some of the strongest bounds on such dark matter theories. We find a viable parameter space where structure formation constraints are satisfied and significant dissipative dynamics can occur in galactic haloes but show a large region is excluded. Our model shows that subdominant components in the dark sector can dramatically affect structure formation.
Introduction
Through its gravitational influence on luminous baryonic matter, dark matter shapes the structures that we observe throughout the cosmos on a broad range of length scales. While the cold dark matter paradigm [1] [2] [3] [4] [5] is in excellent agreement with observations on large cosmological scales, the possibility that nongravitational dark matter physics plays an important role on small astrophysical scales remains an exciting possibility. Indeed, the presence of new interactions in the dark matter sector can lead to observable differences in the dark matter density distribution on small scales. They can also impact the way dark matter is produced in the early Universe. Many possibilities have already been explored in the literature . One of the simplest possibilities is that dark matter is charged under a new invisible U (1) gauge group. Such a scenario is possible both within the realm of symmetric [14, 15] and asymmetric [17, 19, 28, 29, 45] dark matter theories, with the latter possibly leading to the formation of composite dark atoms at late times.
The presence of a massless dark photon in such scenarios can dramatically affect the assembly and evolution of dark matter structures on small scales. For instance, frequent scattering between dark matter and dark photons has the potential to damp the growth of matter structure [15, 28, [46] [47] [48] [49] [50] [51] on small scales, affecting the spectrum of cosmic microwave background (CMB) anisotropies [28, 52, 53] and leading to a suppressed number of satellites orbiting typical galaxies today. In addition, the presence of a light particle coupled to the massless dark photon can provide a channel for dark matter to shed energy and momentum [35, 36, 51, [54] [55] [56] [57] [58] [59] [60] [61] allowing for the formation of dense dark matter objects such as disks [62, 63] . Moreover, the dark matter self-interactions that are inherent to these U (1)-charged models can lead to halo evaporation [64] . Also, self-interaction can lead to cored dark matter halos [65] which, being less dense, are more susceptible to tidal disruption [66] . The above considerations do not in general constrain models with particles masses above several hundred GeV, leaving a fairly large swath of parameter space where these theories are viable [67] .
The above constraints could also be satisfied, even in the presence of lighter dark matter, if only a fraction of the dark matter is charged under the new U (1) force, as was considered in refs. [41, 53, 62, 63] . These latter models are appealing since they can retain the success of the standard cold dark matter paradigm while introducing genuinely new phenomenology on small scales. However, for models with eV-scale binding energy between the darkly charged constituents, constraints from CMB measurements limit the fraction of this charged matter to about 5% [53] when decoupling of the two sectors happens at the weak scale and the temperature of the dark sector is about half that of the Standard Model sector. This latter constraint is somewhat weaker for a cooler dark sector or for models with higher binding energy since the formation of neutral dark atoms happens earlier in these cases.
In this paper, we consider the perhaps more economical scenario than that proposed in refs. [62, 63] , in which all the dark matter is charged under an invisible new U (1) force, while retaining the interesting small-scale phenomenology explored in these papers, by allowing for the presence of a light particle charged under the new dark force. In detail, we explore here an asymmetry between the darkly-charged particles X andX forming the bulk of the dark matter density that is exactly compensated by the presence of the light darklycharged particles C. This model has interesting phenomenological implications independent of the double-disk dark matter (DDDM) scenario [62, 63] . Within this latter model, the economical scenario considered here potentially allows the interesting possibility that the dark matter within the galactic halo and the dark disk have related composition. We show that such a light C particle can have a tremendous effect on dark matter structure formation despite contributing negligibly to the overall mass density of dark matter. Compared to the original DDDM scenario, structure formation constraints on this new model are generally more stringent, even for relatively heavy dark matter, because the dark matter sector can be entirely coupled to the dark radiation bath through the light darkly-charged particle. We show that there is nevertheless a valid parameter region where the model is viable.
The outline of this paper is as follows. In section 2, we describe the main ingredients entering our dark matter models and highlight its most relevant implications. In section 3, we present the dark matter relic abundance calculation in the presence of the asymmetry. In section 4, we compute the cosmological evolution of the ionized fraction of the light darklycharged particle in the presence of the asymmetric bath of heavy X andX particles. We make use of this latter result in section 5 to study the evolution and growth of dark matter fluctuations within this model. In section 6 we study the H 0 determination from the CMB in presence of the dark photons appearing as additional relativistic degrees of freedom. In section 7, we discuss the late-time astrophysical consequences of the model. We finally conclude in section 8.
Model and Implications
The model consists simply of a heavy charged particle X carrying positive charge under a new dark U (1) gauge group, its antiparticleX with opposite charge, and a light particle C that also carries negative charge. For concreteness we will consider X and C to be Dirac fermions throughout this paper. The Lagrangian is
where V µν is the dark photon field strength, D is the gauge covariant derivative, and m X and m C are the masses of the X and C particles, respectively. We denote the fine-structure constant of the new U (1) force as α D . In general, the temperature T D of the dark photon bath will be different than that of the Standard Model sector, and we denote by ξ(T ) ≡ T D /T the ratio of the dark sector to the Standard Model temperature (denoted by T throughout our paper). The evolution of the dark photon temperature is discussed further in appendix A. In our scenario, X andX act as the usual cold dark matter that forms the gravitational backbone of galaxies, clusters, and the large-scale structure of the Universe, whereas the light C particle can act as a catalyst between the bulk of the dark matter density and the new dark photons, allowing the damping of small-scale dark matter fluctuations and the cooling of dark matter particles within galactic halos. We emphasize that this differs from the model of refs. [62, 63] in that the bulk of the dark matter is now charged under the new U (1) force. We summarize here the key phenomenological implications of this new model.
Distinctive features of the model
Relic abundance As we will describe in detail in section 3, the relic abundance calculation has notable differences from the standard thermal freeze-out in the presence of a long-range force (see e.g. refs. [14, 15] ). In particular, we identify two distinct regimes of interest.
For small values of α D and of the asymmetry, the relic abundance is set through standard thermal freeze-out with the asymmetry parameter playing essentially no role, except for establishing the subdominant abundance of the light C particles. For large values of the dark fine-structure constant, the overall dark matter relic abundance is essentially entirely determined by the value of the asymmetry parameter, and the calculation closely follows that of standard asymmetric dark matter models [68] . We will be particularly interested in the transition region between these two regimes where both the asymmetric and symmetric components are present with a sizable abundance.
Asymmetric recombination Once the relic abundance is established in the early Universe, the X,X and C particles form an ionized plasma interacting with the dark photon bath. Once the dark sector temperature falls significantly below the binding energy between the heavy X and the light C, it becomes energetically favorable for the plasma to form neutral (XC) bound states. The presence of the asymmetry between the total number of X and C particles in the thermal bath leads to a qualitatively different recombination process compared to that of standard hydrogen [69, 70] . We present a detailed computation of this asymmetric recombination in section 4. We find that the abundance of free C particles (that is, those not in bound states) strongly depends on the value of the dark fine-structure constant, with values of α D 0.005 generally resulting in a negligible population of free Cs at late times, while smaller values of α D result in little (XC) recombination. The final free C fraction at late times also displays weak dependence on the masses of the X and C particles.
Structure formation Similar to the case of the standard photon-baryon plasma, the presence of the light C particles allows the coupling of dark matter to the dark photons, prohibiting the growth of dark matter fluctuations on scales that enter the causal horizon before dark matter kinetic decoupling [15, 28, [46] [47] [48] [49] [50] 53] . This tight coupling arises from frequent Coulomb-type interactions between the darkly-charged constituents which maintain kinetic equilibrium among these particles, while Thomson scattering between dark photons and light C particles is responsible for establishing kinetic equilibrium between the dark matter and the dark radiation. An important constraint of the model comes from demanding that dark matter decouples early enough from the dark photon bath so as not to erase density fluctuations on scales where we have direct observations. The observed abundance of satellite galaxies in the Local Group [71] and measurements of the Lyman-α forest absorption spectrum [72] [73] [74] [75] put the strongest constraints on the epoch of dark matter kinetic decoupling. While these constraints probe the nonlinear regime of structure formation and are therefore subject to modeling uncertainties, both can be roughly captured by demanding that the matter power spectrum does not significantly deviate from its standard cold dark matter behavior on comoving scales corresponding to k < 10h/Mpc.
Other key observable signatures of this scenario include the presence of dark acoustic oscillations [8, 28, 53] in the dark matter fluid on scales entering the horizon before the epoch of dark matter kinetic decoupling. Depending on the exact choice of parameters, these dark oscillations could leave imprints on the subhalo mass function (see e.g. ref. [50] ) that are distinct from those of warm dark matter. Structure formation constraints are discussed further in section 5 below.
Dark photons and Hubble rate When comparing our model to current CMB data [76, 77] , the presence of the dark radiation component allows for a larger value of the present-day Hubble parameter H 0 than that obtained using a standard 6-parameter ΛCDM cosmology. Our model can thus help to alleviate the tension between local H 0 measurements [78] and those inferred from CMB and large-scale structure measurements. In addition, the CMB bound on the effective number of relativistic species (N eff ) can be translated to a constraint on the temperature of the dark photon bath, generally requiring the dark sector temperature to be at most half that of the visible sector [53] . We elaborate on these constraints in section 6.
Late-time astrophysics: dissipative dynamics For massive dark matter halos with a final virial temperature higher than the (XC) binding energy, shock heating will generally ionize the (XC) bound states, resulting in a net fraction of free C particles orbiting within dark matter halos. As was discussed in refs. [62, 63] , the presence of light darkly-charged particles enable dissipative processes, such as Bremsstrahlung and Thomson cooling, which can alter the internal structure of dark matter halos, or even lead to the formation of a dark disk. In section 7, we reevaluate the available parameter space where such phenomenology arises, and find that it can lead to tensions with structure formation constraints. On the one hand, efficient cooling within galactic halos requires the C particles to be fairly light ( 1 MeV). On the other hand, escaping the structure formation constraints is easiest when the C particles are fairly heavy since in this case, dark recombination (and kinetic decoupling) happens early enough as to not modify the matter power spectrum on scales k 10h/Mpc. This tension is alleviated for large X mass. Our analysis shows that it is possible for dissipative dark matter dynamic to be compatible with structure formation constraints for m C ∼ 1 MeV, m X ∼ 10 TeV, and α D ∼ 0.15. However, Bremsstrahlung and Thomson cooling do not lead to disk formation in this model.
The dissipative dynamics present in the (XC) model could also allow the formation of dense dark matter clouds [60] where dark matter annihilation would be enhanced, hence potentially leading to indirect detection signatures within gamma-ray telescopes if a portal between the SM and the dark sector exists. Dissipation within the dark sector could also lead to the formation of black holes [61] .
Dark matter self-interactions The presence of long-range interactions lead to a strongly velocity-dependent self-interaction cross section among dark matter constituents within halos [67] . The resulting very large cross section within small-mass halos could lead to interesting phenomenology [79, 80] . The strength of the dark matter self-interaction is constrained by observations of the detailed inner structure of halos and by studying the merger of galaxy clusters. Constraints from the Bullet cluster [81] and from subhalo evaporation [64] can be easily evaded for sufficiently heavy X particles [15] . Technically, bounds from the triaxial structure of dark matter halos could offer even stronger constraints on the dark matter selfinteraction cross section. However, as was discussed in ref. [67] , a combination of inaccurate modeling and poorly measured ellipticities of dark matter halos effectively leads to a very weak bound on the self-interaction cross section.
Relic abundance
Here we derive the relic abundance of X,X and C particles, denoted collectively as Ω X . The calculation of the relic abundance proceeds in the standard way with two important modifications. First, if the dark sector is kinetically decoupled from the SM, we have to allow for a potential relative temperature in the two sectors, ξ(T ) = T D /T = 1. Secondly, we have to take into account the asymmetry in X. Throughout this section, we generally follow the formalism presented in refs. [13] and [82] , but modify it appropriately to take into account the above-mentioned temperature difference and asymmetry.
We are particularly interested in models for which both the symmetric and asymmetric components survive at late times. We note that demanding the presence of the light C requires a nonvanishing asymmetry since its symmetric component would annihilate away efficiently. We focus here on models where the asymmetric component is a small fraction of the total dark matter energy density such that the bulk of the dark matter is made up of the symmetric component X andX. If the interactions of X with the SM are small, the dominant annihilation channels for X are in the dark sector, XX → γ D γ D and XX → CC.
The Boltzmann equation for the evolution of the X andX number density (denoted by n X and nX , respectively) can be written as
where H is the Hubble rate, σv is the thermally-averaged cross section times velocity (see below for definition), and n eq X is the equilibrium value of the X number density. As usual, we define the yield as
where s SM is the entropy density of the SM (see appendix B for definition). We define the asymmetry η as
and rewrite the Boltzmann equation in terms of the ratio 4) and using x = m X /T as the time variable
(3.5)
Note that we write all expressions in terms of the SM temperature, x. This formulation of the Boltzmann equation is useful when the asymmetry η = 0, and becomes trivial in the η = 0 limit, when we revert back to the equation in terms of Y X .
The various quantities appearing in eq. (3.5) are defined as follows:
where G N is Newton's constant, and where h eff and g eff are the effective number of degrees of freedom for the entropy and energy density, respectively. The values for g 1/2 * are tabulated in ref. [83] . The equilibrium value r eq appearing in eq. (3.5) is
where we have included the explicit factors of ξ. The thermal averaged cross section is given by
where K n (x) are modified Bessel functions of the second kind. The cross section σ(s)
includes Sommerfeld enhancement [84] ,
The thermal averaged cross section is,
whereS ann is the thermally averaged Sommerfeld enhancement factor. We note that the effect of X-X bound state formation was studied in detail in refs. [15, 84] and it was found to have a subdominant effect on the relic abundance compared to the Sommerfeld enhancement. Due to the significant uncertainties associated with computing bound-state formation in detail, we neglect their contributions here.
We can solve the Boltzmann equation approximately at late times when r eq r and match the solution at the freeze-out temperature x f . The freeze-out temperature is defined as the temperature where r starts deviating from r eq , such that dr/dx, r, r eq are all of the same order at x f . Below this temperature, we can integrate the Boltzmann equation neglecting r eq , with the boundary condition r(x f ) = r eq (x f ). Then, the final r(x 0 ) r ∞ is
The value x f can be found by solving the following implicit equation
This equation can be rewritten as
when ηλ 2x 2 f , which is true in our parameter space of interest. We see then that η does not affect x f significantly and x f ∼ 25ξ f , where
Note that λ is proportional to the annihilation cross section, and hence is a quantity which would be inversely proportional to the relic abundance in the limit η → 0. In fact, the relic comoving density in the absence of asymmetry is,
so that, For our parameter space, η Y eq (x f ), and hence from eq. (3.8) we see that r eq (x f ) 1. The dark matter density today (relative to the critical density) is 19) where Ω B , η B are the baryonic energy density and asymmetry.
In figure 1 we show the region of α D -η parameter space where a significant symmetric dark matter relic abundance survives in the presence of an asymmetry. We see that there are two limiting behaviors of the solutions. When η Y η=0 ∞ ,
In this case, the dark matter density is essentially given by the symmetric freezeout value, and the dark matter is dominantly symmetric. In figure 1 , this appears as the vertical part of the constant-Ω X contours (i.e. independent of η).
we see a turnover, and for
The relic abundance in this case is set by the asymmetry, and the symmetric component is exponentially small. In this case, the constant-Ω X contours in figure 1 are horizontal (independent of α D ). Generally, we are interested in the parameter space where there is both a symmetric and asymmetric population, r ∞ 1, so that we are somewhat close to the turnaround region,
At late times, the key quantity to consider is the fraction f (XC) of the total dark matter mass that can end up in neutral (XC) bound state. In the limit m X m C , this mass fraction is given by f (XC) (n X − nX )/(n X + nX ) (see eq. (4.1) below), from which we obtain the relation 
Asymmetric Recombination
In this section, we compute the evolution of the number density of free C particles within the dark plasma. We note that the presence of the asymmetry results in some important changes to the calculation performed in ref. [28] .
Notational aside
Before diving into the details of the (XC) bound-state formation, we introduce some useful notation. In the following, we denote the fraction of the total dark matter energy density that could eventually be bound into XC dark atoms by f (XC) . It is given by
1) where n i represents the number density of the i th species, and where we assumed nonrelativistic dark matter such that ρ i = n i m i . In the above, ρ DM = n C m C + m X (n X + nX ) is the total dark matter energy density. We note that f (XC) is related to the asymmetry parameter η as given in eq. (3.23). It is possible to express the number density of the different species in terms of f (XC) and ρ DM
3)
where the approximation are taken in the limit of m X m C . Since we assume the X and C particles to be non-relativistic, we have ρ DM = Ω DM h 2ρ crit (1+z) 3 , whereρ crit = 8.098×10 −11 eV 4 and z is redshift. To track the formation of the neutral XC bound state, it is useful to introduce the fraction R C of "free" (that is, not bound) C particles in the dark sector
where n free C is the number density of unbound C particles. Before (XC) recombination, we have R C = 1. In a similar fashion, we can define the number density of "free" X particles
which has the right limit as n free X → n X before dark recombination while n free X → nX after bound state formation.
Assumptions and Simplifications
As in the case of standard hydrogen recombination [69, 70] , several factors dramatically simplify the computation of the free C fraction across cosmic times. We list them here:
1. Thermality of the dark photon bath: Long after the dark matter freeze-out, the entropy ratio of the dark photon bath (s γ D ) to that of the dark matter (s DM ) is given by
Unless the dark photons are unnaturally cold (ξ 1), we generally have s γ D /s DM 1 and we can thus neglect the impact of the heat transfer between the dark matter and the dark photon bath on the energy spectrum of the latter. We therefore take the dark photon bath to be exactly thermal with
2. Thermal equilibrium in the dark sector: The X,X, and C particles are in kinetic thermal equilibrium with the dark photon bath at a single temperature T D until the fraction of free C particle in the plasma becomes negligible.
3.
No direct recombination to the ground state: The ionization rate of (XC) bound states by a dark photon at the ionization threshold in units of the Hubble rate is
where σ I is the cross section to ionize the ground state of the XC bound state (see e. g. ref. [85] ), and n (XC) is the (XC) number density. By the time the fraction of C particles in bound state becomes nonnegligible (around T D ∼ B (XC) /20), the ionization rate is always much larger than the Hubble and one can thus neglect direct recombination to the ground state. Direct recombination to the ground is inefficient since it results in the emission of a dark photon that immediately ionizes another (XC) bound state, hence yielding no net recombination.
With the above conditions satisfied, (XC) bound state formation proceeds similarly to the standard hydrogen recombination [69, 70, 86] , with the main (and very important) difference being the presence of a symmetric population of X andX.
Evolution of free C fraction
The evolution equation for R C is
9) where σ (2) rec v is the net volumetric recombination rate to the n = 2 atomic state, B (XC) = α 2 D m C /2 is the binding energy, T D is the temperature of the dark photons, and C Peebles is the Peebles factor [69, 86] described below. The principal difference between the standard symmetric recombination equation [86, 87] and eq. (4.9) is the presence of the term proportional to R C nX on the right-hand side. This linear term in R C arises because there are many available X particles for each C looking to recombine, even when a sizable population of (XC) bound states has already formed. This is in stark contrast with standard symmetric recombination where the number of available free protons is rapidly depleted as hydrogen atom formation occurs. As long as the recombination rate n X σ (2) rec v is larger than the Hubble rate, the large population of free X particles in our model tend to make (XC) bound state formation extremely efficient, leading to an exponentially suppressed abundance of free C particles. On the other hand, models for which the recombination rate is smaller than the Hubble rate for T D < B (XC) experience no bound state formation at all, and have R C ∼ 1 at late times. An interesting consequence of this analysis is that the atomic physics details encoded in the Pebbles factor matter very little for a large swath of the parameter space. Only models for which ( σ (2) rec v n X /H)| z=zrec ∼ 1 are sensitive to the (XC) atomic physics. This makes our prediction for the free C fraction particularly robust, and obviates the need for a detailed treatment of dark recombination such as that presented in ref. [28] . It is thus sufficient to follow the simple approach presented in refs. [69, 87] , which is based on eq. (4.9) together with the rates given below.
The recombination rate appearing in eq. (4.9) is approximately given by [87, 88] 10) which is valid for T D < B (XC) , that is, the relevant range for bound state formation. Since direct recombination to the ground state is inefficient, bound state formation has to proceed through either the 2s or 2p states. The singlet state can decay to the ground state only via the 2-dark-photon transition. The triplet state can directly decay to the ground state via spontaneous emission of a dark Lyman-α photon. As in the case of standard hydrogen recombination, the 2p to 1s transition results in a net bound state formation only if the dark Lyman-α photon can redshift out of the Lyman-α line before it is reabsorbed by another (XC) bound state. This is encoded in the so-called "Peebles" factor C Peebles which is given by
where R Lyα is the rate for dark Lyman-α photons to redshift out of the line, Λ 2γ is the 2s to 1s dark two-photon decay rate, and β (2) is the photoionization rate for the n = 2 state. These rates are given in ref. [28] , but we use here the simpler results from ref. [87] ,
12)
We now have all the ingredients to solve eq. (4.9). To a good approximation, dark recombination occurs once the temperature of the dark sector has fallen to T D ∼ 0.02B (XC) [28] , which corresponds to a recombination redshift
In figure 2 we illustrate the free C fraction at late times as a function of α D and m C for a fiducial model with m X = 10 TeV, f (XC) = 5%, and ξ 0 = 0.5. The dashed lines indicate contours of constant free C fraction at redshift z = 10. The different colored regions indicate the different types of solution to eq. (4.9), which we now consider in more detail.
Saha-Freezeout regime
Whenever the factor multiplying the square bracket in eq. (4.9) is large, dark recombination will proceed in equilibrium and will be described by the Saha equation, which in this case reads
As explained above, the presence of the symmetric X component can have a dramatic effect on the residual fraction of free C particles at late times. For f (XC) 1, bound state formation tends to be very efficient since there are ∼ 1/(2f (XC) ) available X particles in the bath for every C particle that is looking to recombine. As long as the recombination rate obeys σ (2) rec v n X /H 1, bound state formation will thus proceed in equilibrium and the free C particle fraction is well approximated by eq. (4.15). The dark atomic physics encoded in the Peebles factor essentially plays no role here. In this regime, the residual free C fraction at late times is exponentially suppressed with 16) where z f is the redshift at which the recombination process goes out of equilibirum, which is roughly given by the condition ( σ
The actual asymptotic value of R C at late times can be computed using a freezeout calculation similar * to that described in section 3, but taking into account the different redshift dependence of the recombination and Hubble rates. A detailed calculation similar to that leading to eq. (3.13) above gives
where
18) * We note that eq. (3.5) can be recast in the form of eq. (4.9) with the transformation
. indicates where a full numerical solution is necessary, and the orange region labelled "No XC bound state" denotes where dark recombination does not take place. The line delimitating this region from the red region is given by eq. (4.24). In the green region, recombination occurs too late (z rec < 20) to be accurately described by eq. (4.9). Here, we fix ξ 0 = 0.5, m X = 10 TeV, and f (XC) = 0.05. For these parameters, we need α D ∼ 0.15 in order to obtain the right dark matter relic abundance implying that recombination is well described by the Saha-Freezeout regime for m C of order MeV. 20) where Ω rad and Ω m are the total energy density in radiation (including neutrinos and photons) and matter, respectively, both expressed in units of the critical density of the Universe. The recombination freezeout redshift can be estimated by solving the implicit equation
The validity of the above freezeout solution can be verified by comparing it with the exact numerical solution to eq. (4.9). We determine that it is generally valid when ( σ (2) rec v n X /H)| z=zrec 10 2 , which translate to a parameter range given by
The parameter range is indicated in figure 2 by the blue region.
Nonequilibrium regime
The evolution of models with 10 −3 ( σ
rec v n X /H)| zrec 10 2 significantly deviate from the equilibrium Saha solution as soon as the recombination process begins. Here, the details of the dark atomic physics can make a significant difference on the asymptotic value of the free C fraction. The Peebles factor can play an important in this regime, and one must numerically solve eq. (4.9) to obtain an accurate value of R C at late times. The parameters in this regime satisfy 10 −12 23) which is indicated in figure 2 by the red region.
No bound state formation
Finally, models for which ( σ 24) which is indicated by the orange region in figure 2 . In this regime, less than 0.2% of C particles end up in neutral bound states.
Structure Formation Constraints
We now turn our attention to the cosmological growth of dark matter density fluctuations in our darkly charged model. Compared to a purely symmetric dark charged scenario [14, 15] , the main new element in our scenario is the presence of the light C particle catalyzing the net momentum transfer rate between the dark radiation and the heavy X particles, which can significantly delay the epoch of the dark matter kinetic decoupling and the onset of the growth of structure. This leads to a suppression of the amplitude of the matter power spectrum on scales k > k dec that enter the causal horizon before dark matter kinetic decoupling. Observationally, a late epoch of kinetic decoupling leads to a reduced abundance of small-mass subhalos [23, 28, 46-50, 65, 89] within the Local Group. In addition, the delayed formation of structure on scales k ∼ k dec leads to satellite galaxies that are less centrally concentrated, resulting in shallower rotation curves for these objects. The presence of significant dark matter self-interaction in our model could amplify this latter effect via the formation of large central cores within dwarf galaxies. Detailed simulations [65, 89] of Milky Way-like dark matter halos show that suppressing the linear matter power spectrum by a factor of ∼ 2 on scales k 10h/Mpc very likely results in a population of dwarf satellites that is incompatible with observations, both in terms of the overall abundance of massive subhalos [90] and from their internal structure [71] . To constrain our model, we thus require that the criterion † k dec > 10h/Mpc be satisfied in order for an XC dark matter model to be viable. We note that since the self-interaction strengths used in the simulations of ref. [65] were significantly smaller than the typical values present in our model (due their use of a massive mediator instead of a massless dark photon), the above bound is likely a necessary but not sufficient condition for an XC model to be allowed by observations. We caution however that detailed simulations would have to be performed to assess the viability of model with k dec ∼ 10h/Mpc, especially since large dark matter self-interaction cross section can lead to an unexpected phenomenology (see discussion in ref. [67] ). For a Planck 2015 cosmology [76] and using the relation between conformal time and redshift given in eq. (B.4), the above criterion is equivalent to demanding that the redshift of dark matter kinetic decoupling obeys z dec > 10 6 .
Measurement of the Lyman-α absorption spectrum [72] [73] [74] [75] also provides a bound on the epoch of dark matter kinetic decoupling. This constraint is usually phrased in term of the allowed values for the mass of a warm dark matter particle. For instance, ref. [73] finds this latter constraint to be m WDM > 3.3 keV at 95% confidence level, while ref. [75] finds m WDM > 4.1 keV at 95% confidence level. These bounds approximately translate to k dec 24h/Mpc and k dec 31h/Mpc, respectively. While more stringent than those derived from dwarf galaxies in the Local Group, these constraints are subject to a number of mitigating factors related to reionization and the modeling of the interstellar gas. For definitiveness, we adopt in this work the weaker but more reliable criterion z dec > 10 6 , but note that the current Lyman-α measurements can only strengthen this bound by a factor of at most ∼ 3.
In this section, we first present the equations of motion for the different dark matter components and argue that they can be simplified to two "effective" equations describing the evolution of dark matter density perturbations and bulk velocity. Using this simplified picture, we apply the bound on the redshift of kinetic decoupling discussed above in order to determine the allowed parameter space of XC dark matter. We note in passing that X-X bound state formation plays essentially no role in the cosmological evolution of linear dark matter density fluctuations.
Evolution equations
The key equations governing the growth of dark matter fluctuations in the presence of new interactions have been worked out in detail in ref. [91] . A summary of the derivation with a focus on the model under consideration is given in appendix C. As described there, the linear equations for the dark matter density and bulk velocity fluctuations arė
where {i, j} ∈ X,X, C. Here, an overhead dot denotes a derivative with respect to conformal time, δ i ≡ δn i /n i is the number density contrast for species i, withn i being the homogeneous and isotropic part of the number density, θ i ≡ ik · v i is the divergence of the bulk velocity (in † In this work, we neglect the small difference between the wavenumber of kinetic decoupling k dec and the wavenumber k 1/2 at which the matter power spectrum is suppressed by a factor of 2 compared to CDM.
Fourier space), φ and ψ are the two gravitational potentials in Conformal Newtonian gauge [92] , c i is the adiabatic sound speed of species i, H is the conformal Hubble rate, k = |k| is the magnitude of the Fourier wavenumber, andκ ij is the opacity (momentum transfer rate) for species i to scatter off species j. In terms of the distribution function f i (p) of species i, the number density and bulk velocity are given by
where g i is the spin degeneracy of species i. There is a related set of equations describing the evolution of the dark photon fluctuations (see e.g. ref. [91] ), but since we are mainly interested in dark matter fluctuations we don't consider them here. We note that for dark radiation, the bulk velocity should be interpreted as the net heat flux from hotter to colder regions of the dark plasma. There are two types of opacities appearing on the right-hand side of eq. (5.2): Thomson opacities describing scattering between dark matter particles and dark photons, and Coulomb opacities capturing the scattering between darkly-charged particles. We list in appendices C.2 and C.3 the relevant expressions for these opacities, which represent the rate at which momentum is transferred between the different constituents. The ratios of these opacities to the conformal Hubble rate are illustrated in figure 3 for parameters of interest. Wheneveṙ κ ij /H > 1, the i and j species are in kinetic equilibrium with one another, implying that their bulk velocity is nearly identical with θ i θ j . Before XC bound state formation, the situation in the dark plasma is thus as follows. The light C particles are kept in kinetic equilibrium with the dark photons through frequent Thomson scattering. By contrast, the heavy X and X particles cease to directly scatter off the dark photons early on since their Thomson cross section is suppressed by a factor of (m C /m X ) 2 1 compared to that of the C particles. The heavy dark matter particles are nonetheless kept in kinetic equilibrium with the rest of the dark plasma through Coulomb scattering with the light C particles. This is reminiscent of the standard baryon-photon plasma in which the heavy proton and helium nuclei are kept in kinetic equilibrium with the radiation via Coulomb scattering with electrons, even though direct scattering between nuclei and photons is strongly suppressed.
In this tightly-coupled regime where the whole dark sector behaves as a single fluid, it is possible to simplify the system of equations given in eqs. (5.1) and (5.2) to two effective equations describing the evolution of the total dark matter density and bulk velocity perturbations, denoted by δ DM and θ DM , respectively. Explicitly, we have
and a similar expression holds for θ DM . Since we are working in the limit m C m X and we have δ X δX since both obey very similar equations of motion, the total dark matter density perturbation is simply δ DM ≈ δ X . The effective dark matter equations take the forṁ
where the dark matter opacity is given bẏ
where Ω γ h 2 = 2.47 × 10 −5 is the physical density of the CMB photons today, in units of the critical density of the Universe. The parametric dependence ofκ DMγ D is rather intuitive with 8πα 2 D /(3m 2 C ) being the Thomson cross section the C − γ D scattering, ξ 4 0 providing the scaling with the dark photon energy density, f (XC) R C controls the fraction of scatterers that can efficiently exchange momentum with the dark radiation, and the factor 1/m X arises because the dark radiation must push around the heavy X andX in order to maintain kinetic equilibrium within the dark plasma. 
Dark matter kinetic decoupling
We now turn our attention to the epoch at which dark matter kinematically decouples from the dark photon bath and starts forming structures. Using the general criterioṅ κ DMγ D (z dec ) = H(z dec ) to solve for the redshift z dec at which dark matter kinetic decoupling occurs, we identify two regimes of interest:
1. z dec > z rec : In this regime, kinetic decoupling occurs before (XC) bound state formation, and we can thus solve analytically the conditionκ DMγ D (z dec ) = H(z dec ) since R C (z dec ) 1. We obtain 8) provided that the condition
is satisfied. This last condition comes from demanding that z dec > z rec . Here, ξ dec ≡ ξ(z dec ). We note that this generally occurs in the weakly-coupled regime (α D 1), or for a cold dark sector (ξ dec 1).
2. z dec z rec : In this case, the precipitous drop in the free C fraction at z z rec entirely controls kinetic decoupling. In this case, we simply have
provided that we have
We illustrate in figs. 4 and 6 the parameter space excluded by demanding that z dec > 10 6 . Specifically, the orange-shaded regions denote the parameter combinations that are ruled out by structure formation constraints.
It is important to emphasize that the XC model has other structure formation-related features that can help distinguishing it from, say, warm dark matter. On scales entering the causal horizon before the epoch of kinetic decoupling, dark acoustic oscillations generally lead to important changes to the subhalo mass function on small scales [50, 65] . For instance, XC dark matter generally predicts a shallower suppression of the mass function at small masses compared to an equivalent warm dark matter model (see Fig. 5 of ref. [50] ). Another important distinguishing feature is the redshift evolution of the matter power spectrum [93] . Indeed, the impact of dark acoustic oscillations on matter clustering becomes more important at higher redshift since nonlinearities in the density field had less time to erase them. As galaxy and weak lensing surveys begin measuring matter clustering at increasing redshifts, one could search for oscillations in the matter power spectrum that could indicate that dark matter was coupled to a relativistic species at early times.
Dark photons and Hubble rate
The presence of a thermal bath of dark photons in our model adds an extra contribution to the radiation energy density of the Universe. As it is well known from standard cosmological parameter analyses (see e.g. [76] ), adding extra relativistic species (commonly parametrized by ∆N eff ) allows for a larger value of the present-day Hubble parameter H 0 than that inferred using the 6-parameter ΛCDM model. While the properties of the dark photons are different than the free-streaming relativistic species parametrized by ∆N eff due their interactions with dark matter [53, 77, 94] , larger values of the Hubble parameters naturally occur in our model. This is illustrated in figure 5 where we show the 68% and 95% confidence regions for the ξ 0 −H 0 parameter space using Planck 2015 CMB temperature and lensing data [76] as well as baryon acoustic oscillations measurements (see figure caption for details). There we observe that for the case where the dark and SM sectors are in thermal equilibrium above the weak scale (corresponding to ξ 0 0.55), values as high as H 0 72 km/s/Mpc are within the 95% confidence region. Our model can therefore help reconciling CMB-based measurements of the Hubble parameter with those from local probes [78] . 19) ). The top axis shows the value of the X particle mass corresponding to each value of α D . In the orange regions, dark matter kinematically decouples from the dark photons too late, leading to a suppression of small-scale structures that is in tension with observations of Local Group dwarf galaxies. The larger orange region denotes this latter constraint when ξ 0 = 0.5, while the orange dashed line shows what the kinetic decoupling constraint looks like when ξ 0 = 0.1. The solid orange line indicates the constrained region if the kinetic decoupling bound is relaxed to z dec > 10 5 when ξ 0 = 0.5. The red region denoted α D > 0.3 illustrates the parameter space where non-perturbative effects are most likely important. The green regions denote the parameter combinations where the C particles can shed an O(1) fraction of their kinetic energy through either Compton or Bremsstrahlung cooling within the age of the Universe. We emphasize that this region is not necessarily ruled out, but rather indicates where dissipative dynamics can play an important role shaping the internal structure of galaxy-scale dark matter halos. Again, the large green-shaded region is valid for ξ 0 = 0.5 while the smaller region bounded by the dashed green line is for ξ 0 = 0.1. The purple region shows the parameters for which the typical virial temperature of a Milky Way-size halo is too low to ionize the (XC) bound states. : Joint cosmological constraints on the present-day Hubble rate H 0 and the value of the dark photon to CMB photon temperature ratio ξ 0 . The shaded blue regions show the 68% and 95% confidence regions using Planck 2015 CMB temperature and lensing data [76] as well as baryon acoustic oscillation (BAO) measurements from the 6dF galaxy survey [95] , the Sloan Digital Sky Survey (SDSS) Main Galaxy Sample [96] , and the Baryon Oscillation Spectroscopic Survey (BOSS) DR11 [97] . Posterior distributions for ξ 0 and H 0 marginalized over all other cosmological and foreground parameters are shown along the diagonal. The methodology used to obtain this posterior distribution is identical to that used in ref. [53] . We note that the Markov chains illustrated here were run with a flat prior on ∆N eff , which is equivalent to putting a power-law prior on ξ 0 .
Late-time astrophysics
One of the key features of our model with a light charged C particle is that it gives rise to dissipative dynamics, potentially leading to interesting astrophysical phenomena such as dark matter halo contraction and the formation of a dark matter disk [62, 63] . In this section we review the physical mechanisms underpinning the dissipative dynamics of dark matter halos and identify the parameter space where it could occur. Compared to the original DDDM model, the fact that all dark matter halo particles are charged under the long-range force, and hence can all potentially lose energy through dissipation, is the main new feature of our model.
Dissipative dynamics
A careful characterization of nonlinear structure formation in our model would require detailed numerical simulations taking into account the collisional and radiative processes that allow the different dark matter particles to lose, exchange, or gain energy and momentum. Similar to the case of hydrogen gas, the main mechanisms leading to energy lost among dark matter particles are Bremsstrahlung, inverse Compton scattering, collisional excitation and ionization, recombination and molecular cooling [98] . Since the rate of collisional processes such as ionization and excitation are difficult to compute (see e.g. refs. [99, 100] ), we present here a simplified approach and estimate the importance of dissipation within dark matter halos using Bremsstrahlung and inverse Compton scattering only. We expect these radiative processes to dominate when T C B (XC) or at early enough times when the energy density in dark photons is not entirely negligible. For T C ∼ B (XC) , collisional processes including recombination cooling can become more important than radiative ones [101, 102] . Since we are neglecting these former processes, our estimate should be taken as a lower bound on the possible amount of dissipation that can take place within a halo.
For the purpose of this calculation, we assume a dark matter halo with virial mass M vir = 10 12 M and virial radius R vir = 100 kpc. This implies an average density ofρ DM 9 × 10 −3 GeV/cm 3 . We perform our calculation at a benchmark redshift of z = 2. We note that these choices are quite conservative since increasing the halo density or the benchmark redshift would both make dissipation more efficient. As dark matter and baryons fall in to form the halo, the dark plasma is shock heated to the virial temperature of the halo, which is approximately given by
is the mean molecular weight of the dark plasma. Whenever T vir > B (XC) , the C particles are reionized. The free C particles can then scatter off the ambient X,X particles, or off the dark photons, hence losing energy. The volumetric energy loss rate through Bremsstrahlung emission is given by [103] 
while the equivalent rate for inverse Compton cooling is [86] 
Using these rates, we can define a typical cooling timescale t cool,C for the free C particles to shed an O(1) fraction of their kinetic energy through radiative processes
For this radiative cooling of the C particles to have a significant impact on the structure of a dark matter halo, t cool,C needs, at a minimum, to be shorter than the age of the Universe t 0 . We note that having t cool,C < t 0 , with t cool,C as defined in eq. (7.4), is a sufficient but not necessary condition for dissipation to play an important role in setting the internal structure of a dark matter halo since collisional processes could speed up the cooling of the C particles. Equation (7.4) should thus be taken as an upper bound on the cooling timescale, given our choice of halo parameters. As the C particles are dissipating their kinetic energy, they can scatter off X andX particles in the halo. Since the net amount of kinetic energy in the X-X bath is larger than that of the C particles (by a factor ∼ f −1 (XC) T X /T C ), it is important to check that the heat transferred through Coulomb scattering from the X andX to the C particles does not significantly affect the latter's cooling. The volumetric heating rate of the C particles from the X-X bath is [104] 
where ln Λ is the Coulomb logarithm as defined in eq. (C.29), and T X is the temperature of the X-X bath which is in general different than T C . Defining the heating timescale as
we must have t cool,C < t heat,C in order for the C particles to cool. By energy conservation, the X andX particles must expend energy to heat the C particles, leading to a net cooling of the heavy charged particle bath. The timescale associated with this X-X cooling, t cool,X , is in general much longer than t heat,C . Indeed,
where 1 T X /T C T vir /B (XC) . For our parameter space of interest where t cool,C < t heat,C , this implies that t cool,X t cool,C and the X-X bath is not significantly affected on the timescale at which the C particles shed most of their kinetic energy. This is reassuring since the cooling of the X andX particles in equilibrium with the C particles would result in the collapse of the dark matter halo, which would be ruled out by observations. As another way to see that such equilibrium cooling does not happen in our scenario, notice that t cool,X ∼ t cool,C automatically implies that t heat,C ∼ f (XC) t cool,C t cool,C if f (XC) 1, meaning that little cooling happens since the heat from the X-X bath ends up warming up the C particles faster than they can actually cool.
We illustrate in figs. 4 and 6 the parameter space (denoted by the light green regions) for which the typical timescale for the C particles to lose most of their kinetic energy is less than the age of the Universe. We show the regions where C cooling is possible for two different values of ξ 0 as labelled on the plots. It is immediately apparent that the parameter space where dissipative dynamics is possible has significant overlap with the parameter values ruled out by the abundance of small-scale structures. This illustrates the tension between structure formation and dissipation alluded to in section 2: evading small-scale structure bounds pushes the C particle mass toward higher values, while dissipation is most efficient for light C particles. This tension is somewhat alleviated for large values of the X mass, with values near m C ∼ 1 MeV and α D ∼ 0.15 necessary to allow for significant dissipation while producing enough small-scale structures. 
Dark Matter Morphology
Having established the region of parameter space where dissipative dynamics could play an important role, we now very briefly consider its impact on the dark matter distribution within bound halos. From section 4 we know that for α D 5 × 10 −3 the protohalo is composed from relatively cold bound (XC) states. For α D 5 × 10 −3 , the protohalo is made up by free Xs and Cs, with Cs generally held at a common temperature. If the system virializes after infall into the forming galaxy (possibly due to shock heating), then the Xs,Xs and Cs thermalize at the same virial temperature T vir , making Cs much faster than Xs andXs, namely σ 2 C ∼ m X /m C σ 2 X , where
2 is the velocity dispersion. However, while the C can cool after the virialization, the temperature of Xs stays nearly constant for most of our parameter space as mentioned in section 7.1. If the collision energy T (XC) in the center of mass of a typical (XC) collision drops to ∼ B (XC) , the Cs and Xs recombine. To first order this happens when
As a result, if α D σ vir ∼ 10 −3 , most Cs stay ionized ‡ no matter how much they cool, and the dark matter halo will be made out of unbound XXC plasma. This plasma can slowly cool through Compton and Bremsstrahlung processes potentially leading to a mildly flattened halo. However, as is apparent from figure 4 it is unlikely to find a parameter point that allows for both efficient cooling and evades cosmological constraints for α D < 10 −3 . Unless one extrapolates to very small α D , the XXC plasma is unlikely.
If, on the other hand, α D 10 −3 , the Cs will rapidly recombine with Xs as soon as σ C drops to about α D , well before the Compton and Bremsstrahlung cooling lead to a ‡ If the Xs move on average at velocities that are higher than typical velocities of Cs in the bound state, X-C collisions are unlikely to lead to bound states flattened halo. This halo will be formed from (XC) atomic state and unbound X,X plasma component. Although the (XC) − X cross-section is not negligible forming a bound state reduces ability of Cs to act as a coolant and reduces the cooling rate of the halo. As a result this scenario would not lead to a dark matter disk. As mentioned in section 7.1 there is parameter space near m C ∼ 1 MeV and α D ∼ 0.15 that realizes this scenario.
However, this picture is woefully incomplete as we have evaluated the cooling rates at specific benchmark density and fixed dark photon temperature. Indeed, choosing a different fiducial halo mass, dark matter density, and collapse redshift would shift around the green regions shown in figs. 4 and 6 where dissipative processes could occur. We have also completely neglected the effects of collisional cooling/heating and recombination cooling (see ref.
[100] for a recent computation of these rates). Taking all these effects into account, we generally expect dissipation to be efficient for only a limited range of halo masses. At the high-mass end, the large virial temperature of cluster-scale halos implies that the cooling timescale can become longer than the age of the Universe above a certain mass threshold, which depends on the choice of dark parameters. Small dwarf-size halos on the other hand can have a virial temperature that is below the (XC) binding energy, hence suppressing dark matter dissipative processes. These expectations match the recent findings of ref. [105] where they point out that the parameter space where dissipation occurs depends sensitively on the halo mass and density. Moreover, we have not addressed the fact that after virialization the velocity dispersion of the C particles is quite possibly relativistic and the Cs could free stream out of the galaxy, forming charge separation and subsequent large scale electric fields. To what degree this becomes a significant effect is unclear to us and in need of additional future analysis.
The simple mechanism described above does not lead to formation of the dark matter disk in the XC model as was the case in DDDM [62, 63] . In order to form a disk, we would need a mechanism that effectively couples only the asymmetric part of the X population with the Cs.
Conclusions
Dark matter can be charged under a new long range force, consistent with everything observed to date. Cosmological constraints on darkly charged dark matter arise from the dark matter coupling with the dark radiation, which suppresses the matter power spectrum on small scales, and from self-interactions within dark matter halos. Typically, darkly charged dark matter with a weak-scale mass decouples from the dark radiation bath early enough to affect structure only at unobservably small scales, and can also evade self-interaction constraints [67] . However, in the presence of a light particle charged under this new force (like our C particle here), dark matter would in general remain coupled to the dark radiation bath through the epoch at which perturbations corresponding to the smallest known dwarf galaxies enter the causal horizon, or even through the time of CMB last scattering, hence leading to much more stringent constraints on these latter models. One possibility [62, 63] to evade these small-scale structure and CMB bounds [53] is to postulate that the darkly-charged dark matter makes up only a modest fraction of the overall dark matter density, with the rest being made of noninteracting cold dark matter.
In this paper we considered the perhaps more economical possibility that the rest of the dark matter is also made up of the so-called heavy charged dark matter component X. Even though the X particles scattering with dark radiation is suppressed, they do have a large scattering cross section with the light C particles, which in turn couple strongly to photons. Consequently, all of dark matter couples to dark radiation, potentially leading to a strong suppression of the matter power spectrum on small scales. In this model, dark matter must kinetically decouple from the dark radiation sufficiently early, z dec 10 6 , in order to be consistent with small scale structure observations, e.g. dwarf galaxies and Lyman-α measurements. This can happen if the charge is so weak that decoupling happens sufficiently early or that the binding energy of the (XC) state is sufficiently high that the C particles have recombined by z = 10 6 . Evading the structure formation constraint while allowing for dissipative dynamics is possible for m C ∼ 1 MeV and large value of the coupling α D ∼ 0.15. In this case, the heavier dark matter, should it arise from a thermal freeze out, is generally is required to be in the 10 TeV range. Our results are illustrated in figure 4 , which is the major result of this paper.
However, it is worth noting that even with early C recombination or small coupling, the effect of the new degrees of freedom, in the form of the two additional dark photon polarizations, will remain. This can have the effect of partially reconciling the apparent discrepancy in measured Hubble parameters at late time and at the time of the CMB imprinting (see figure 5 ). It is also worth noting that for relatively late decoupling of the dark and ordinary sectors at the weak scale time, the dark radiation would have about half the temperature of the SM bath, putting it at the border of being discovered by better measurement [106] of the number of relativistic degrees of freedom (N eff ). Future observations could reveal the suppression of the matter power spectrum for models with k dec ∼ 10h/Mpc. In addition, effects arising from the long-range self-interactions between the unbound X,X particles in galactic haloes can lead to deviations from CDM expectations. Finally, the presence of dark magnetic field in theories with a massless U (1) gauge field could lead to new phenomena whose impact on structure formation is difficult to quantify (see e.g. [14] ).
In summary, darkly-charged dark matter is a very interesting possibility for our world. Given our limited knowledge about dark matter, it is worthwhile investigating all possibilities, especially those that are simple and testable. Darkly-charged dark matter on its own, and especially coupled to a light dissipative component like the C particle, could have a significant impact on structure and cosmology which are well worth exploring. Whether or not the WIMP paradigm proves correct, the TeV to 10 TeV range might turn out to be relevant not only to the Standard Model, but to the dark sector too. Figure 7 : Evolution of the ratio ξ(T ) of the dark sector to SM temperatures as given in eq. (A.1) for a few representative XC dark matter models. Here we take the values of h SM (T ) from ref. [107] . We observe that depending on the X and C masses, we obtain a variety of behaviors. For instance, at temperatures T < 10 MeV the ξ(T ) evolution depends strongly on whether the C mass is below or above the electron mass.
where T RH is the SM reheating temperature, h SM is the effective number of degrees of freedom contributing to the entropy density of the SM, and h D is the similar quantity in the dark sector. We illustrate in figure 7 examples of the evolution of ξ for different choices of the X and C masses. For the models shown, the different behavior at temperatures above 1 GeV is due to XX annihilation, while the evolution at temperatures less than 20 MeV is caused by CC annihilation. We observe that even if both the SM and dark sector reheat to the same temperature (ξ RH = 1), the XX annihilation can briefly heat the dark sector above the SM temperature. However, the large entropy dump in the SM sector at the QCD phase transition generally results in a temperature ratio that is less than unity for the minimal dark matter model considered above. At late times, the temperature ratio takes the value ξ(T 0 ) ≡ ξ 0 0.55ξ RH , where T 0 = 2.725K is the temperature of the CMB today.
B Key definitions
In section 3, we make use of the SM entropy density and the Hubble rate during radiation domination, which are respectively given by
where the Planck mass is M pl = 1.22 × 10 19 GeV. In deriving eq. (3.5), we also used the time-temperature relation
The conformal time τ in a matter-radiation universe is related to the redshift as
where ω ≡ Ω m /Ω rad . Here, Ω m and Ω rad is the total matter and radiation density of the universe in units of the critical density, respectively.
C Evolution of dark matter density fluctuations
We study here the evolution of the particle distribution function for the X,X and C particles which we denote by f X (p), fX (p) and f C (p), respectively. Let us focus on the epoch after the chemical freeze-out of X particles such that the processes XX → γ D γ D and XX → CC are out of equilibrium and unimportant. The only relevant processes are then Coulomb interaction between the charged particles in the plasma and Thomson scattering between dark photons and the darkly charged particles.
C.1 Boltzmann formalism
The set of coupled Boltzmann equations governing this system has the general form
where i, j ∈ {X,X, C, γ D }, and where λ is an affine parameter describing the trajectory of the particle. The right-hand side of these equations are the collision terms defined with respect to λ. In the conformal Newtonian gauge, the space-time metric takes the form
where a is the cosmological scale factor, τ is the conformal time, and φ and ψ are the two gravitational potentials. Note that we only include the scalar fluctuations to the metric tensor since are the only ones that directly couple to density fluctuations at first order in perturbation theory. We can choose to define the affine parameter in terms of the fourmomentum P of the particle P µ ≡ dx µ dλ , where x µ = (τ, x) is a four-vector parametrizing the world line of the particle. We note that this implicitly sets the affine parameter to be the conformal time τ and selects a physically natural definition for the collision terms. Using Eq. (C.2), we can then write
where we have used the dispersion relation g µν P µ P ν = −m 2 and we have defined E = p 2 + m 2 , p = |p|, and p 2 = g ij P i P j . We note that Eq. (C. 4) where in this work H = d ln a/dτ is the conformal Hubble expansion rate. It is useful to write down the bulk velocity v i , number density n i , and temperature T i of the i particles (i ∈ {X,X, C, γ D }) in terms of their distribution function:
where g i is the spin degeneracy factor for the i particles.
To study the growth of dark matter fluctuations in this model, we need to evolve the equations for the number density perturbations δ i and the bulk velocities v i of each charged constituents. Since Coulomb and Thomson scattering conserves the number of X,X, C, and γ D particles, the collision integrals exactly vanish when integrated over all incoming momentum, that is,
(C. 6) This implies that the density perturbations of the darkly charged constituents obey the standard evolution equation for cold dark matter [91, 92] δ i + θ i − 3φ = 0, (C.7)
where an overhead dot denotes a derivative with respect to conformal time and where
wheren i is the homogeneous and isotropic part of the i number density. The vector k is the Fourier wavenumber of the perturbation and it is understood that δ i and θ i are evaluated in Fourier space. Using the definitions given in Eqs. (C.5) and (C.8), the evolution equation for θ i takes the general form [91] 
where c i is the adiabatic sound speed of the i dark constituents. For non-relativistic particles, we have c i 1 and we can usually neglect this term unless k is very large (corresponding to very small scales). Here, the collision integrals do not vanish in general since collisions will couple the bulk velocity of the different dark constituents. For the type of interactions that concern us here, it is possible to simplify the right-hand side of Eq. (C.9) as [91] , 10) where theκ ij are the opacities for the different processes. We provide in the next subsections explicit expressions for the relevant Thomson and Coulomb interactions between the constituents of our dark sector.
C.2 Thomson Scattering
For Thomson scattering, the relevant opacities are computed in ref. [91] . We however have to be careful to properly take into account the asymmetry and ionization fraction. The different Thomson opacities are theṅ
Cρ crit m C R C (z)(1 + z) 3 , (C.11)
(C.14)
(C. 16) We note that the above expression are negative since we define our opacities as the actual derivative of the optical depth κ κ ij (τ ) ≡ − where τ 0 is the conformal time today.
C.3 Coulomb Scattering
Several approaches have been taken in computing the collision integrals for Coulomb scattering. An elegant starting point is to consider the scattering of a X particle in a bath of C particles as a Markov process, where the incoming state of the X particle in any scattering event only depends on the previous scattering event. This immediately implies a collision term of the Fokker-Planck form [108] C
where F is the dynamical friction (or drift) vector and D is the diffusion tensor. Let us first consider the scattering of a X particle on a bath of C particles. The C are light and scattering often off themselves and off dark photons, so their distribution function is close to a Maxwellian with a bulk velocity v C f C (p) ≈ e where µ C is the C chemical potential, and T C is the C particle temperature, which is understood to have the form T C = T C,0 (τ )(1 + δT C (x, τ )). With this form, the Fokker-Planck term reduces to 20) where the momentum transfer rate is [109] γ(τ ) = 1 6m X T C For the Coulomb logarithm, we follow ref. [108] and write Λ = 3 4π 29) which is essentially the Debye screening length divided by the typical distance of closest approach. We note that if T C ∝ (1 + z) (as it is when C particles are thermally coupled to the dark photons), ln Λ is constant with values ∼ 10 − 20.
